Physical and chemical technologies have been continuously progressing advances of neuroscience research. The development of research tools for closed-loop control and monitoring neural activities in behaving animals is highly desirable. In this paper, we introduce a wirelessly operated, miniaturized microprobe system for optical interrogation and neurochemical sensing in the deep brain. Via epitaxial liftoff and transfer printing, microscale light emitting diodes (micro-LEDs) as light sources, and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) coated diamond films as electrochemical sensors are vertically assembled to form implantable optoelectrochemical probes, for real-time optogenetic stimulation and dopamine detection capabilities. A customized, lightweight circuit module is employed for untethered, remote signal control and data acquisition. Injected into the ventral tegmental area (VTA) of freely behaving mice, in vivo experiments clearly demonstrate the utilities of the multifunctional optoelectrochemical microprobe system for optogenetic interference of place preferences and detection of dopamine release. The presented options for material and device integrations provide a practical route to simultaneous optical control and electrochemical sensing of complex nervous systems.
INTRODUCTION
In the past decades, the study of modern neuroscience has been significantly advanced, along with the monumental progresses of interdisciplinary technological innovations in fields including electrophysiology 1 , optical interrogation/detection 2 and neuropharmacology 3 . Although traditional electrical tools for neural recording and medication provide powerful capabilities for brain science research and clinical therapies of neurological disorders like Parkinson's disease and epilepsy 4 , the lack of cell-type specificity and side effects of stimulating untargeted brain regions impede their broader applications 5 . Recently developed genetically encoded optical actuators and indicators overcome the above limitations and offer more precise and cell specific neural signal regulation and monitoring 6, 7 . Additionally, multifunctional optical neural interfaces, comprising highly integrated, implantable microscale optoelectronic and microfluidic devices, have achieved remarkable accomplishments in optical/electrical/chemical multimodal sensing and modulation in the deep brain [8] [9] [10] .
Representative examples include our recently developed optoelectronic probes for wireless optogenetic stimulation and fluorescence recording in freely moving rodents [11] [12] [13] [14] [15] . Besides electrical pulses and calcium flows, neurotransmitters, which comprise a plethora of chemicals like dopamine, glutamate, serotonin, etc., are of critical importance and direct relevance in neural activities and brain functions 16, 17 .
Among the family of neurotransmitters, dopamine arouses particular interests because of its tight association with important behaviors like motivation, reward, and reinforcement 18 . Therefore, it is highly desirable to develop a fully integrated implantable system leveraging optogenetic stimulators and dopamine sensors for closed-loop neural stimulation and recording. A commonly used method for dopamine detection involves tethered electrochemical probes made of carbon or noble metals like gold and platinum, which could potentially be bundled with optical fibers for optical simulation [19] [20] [21] . More recently, genetically encoded fluorescence indicators of various neurotransmitters have also been actively exploited [22] [23] [24] [25] . Integrating the detection of neurotransmitter levels within the wirelessly operated optogenetic stimulation platforms in living animals, however, is relatively underexplored in state-of-the-art studies.
In this paper, we develop a wireless thin-film based implantable microprobe system for optogenetic stimulation and electrochemical sensing of dopamine in the animal deep brain. A thin-film, microscale light-emitting diode (micro-LED) transferred on a flexible substrate is employed as a light source for optogenetic stimulation. A poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) coated diamond film is placed upon the micro-LED, serving as an electrochemical sensor for dopamine detection. As an optically transparent, electrically insulating and thermally conductive interlayer in the stacked device structure, the diamond film separates the micro-LED and the PEDOT:PSS sensor, ensuring simultaneous optical stimulation and electrochemical detection in the same region. For wireless control and signal acquisition, the formed thin-film and flexible microprobe is interfaced with a miniaturized, removable circuit module powered by a rechargeable battery. Implanted into the ventral tegmental area (VTA) of freely behaving mice, the fully integrated optoelectrochemical microprobe is demonstrated to remotely control animal behaviors and dopamine signal recording. expressing light-sensitive ion channels, for example, channelrhodopsin-2 (ChR2) 6, 7, 26-28 , thereby activating or inhibiting neural activities. As an optically transparent and electrically conductive polymer layer, the PEDOT:PSS thin film can work as an effective electrochemical sensor for dopamine detection, owing to its biocompatibility and low impedance at the biological interface [29] [30] [31] [32] . As an interlayer between the LED and the PEDOT:PSS sensor, the benefits of using the diamond film are manifold: 1)
RESULTS AND DISCUSSION

Device structure, fabrication and functionality
Its optical transparency (> 80%) 33 ensures that the blue light can transmit through it and reach the bio-tissue; 2) Its high thermal conductivity (> 2000 W/m/K) 34 allows for efficient heat dissipation during LED operation; 3) It electrically isolates the electrodes of the LED and the PEDOT:PSS film, minimizing signal crosstalk; and 4)
It could act as a liquid barrier and prevent the LED from failure in aqueous environment. The LED is fabricated on sapphire and the diamond film is grown on silicon. They are released from native substrates respectively by laser liftoff and wet etching, forming freestanding films transferred onto PI using polydimethylsiloxane (PDMS) stamping methods 35, 36 . On the diamond layer, the PEDOT:PSS film is conformally coated via spin casting and lithographically patterned, with a thickness of ~100 nm (Fig. 1c ). The LED and PEDOT:PSS film are metalized with deposited gold electrodes, while epoxy-based photoresist films (SU-8) serve as the bonding layer between the LED and the diamond, as well as the protective coating on metal electrodes. Finally, the flexible substrate is milled by ultraviolet laser to realize a needle shape (width ~ 360 μm, length ~ 5 mm, shown in Fig. 1d ), which is ready for implantation into the deep tissue of animal brains. Compared with other possible device geometries like physically bonded fibers/wires 37, 38 or laterally placed thin-film sensors 14, 39, 40 , the vertically stacked device structure is more advantageous because: 1)
It has a higher spatial precision in the control and the monitoring of a specifically targeted nucleus, which typically have sizes from tens to hundreds of micrometers in the mouse brain; and 2) Such a thin-film geometry can have a smaller footprint and desirable mechanical flexibility, significantly reducing tissue lesion and associated damages.
Optoelectronic and thermal properties
The utility of freestanding InGaN based micro-LEDs for optogenetic stimulations has been demonstrated in previous works 36 . Here we evaluate optical and thermal properties of the micro-LED before and after integrating with the PEDOT:PSS coated diamond film for electrochemical sensing, with results depicted in Fig. 2 . Under current injection, the peak wavelength for the LED emission is around 470 nm ( Fig.   2a ), which matches to the optical absorption of commonly used opsins like ChR2 as optogenetic tools 13, [26] [27] [28] . The external quantum efficiency (EQE) for LEDs with and without diamond and PEDOT:PSS films are plotted in Fig. 2b . Maximum EQEs are ~12% (for the bare LED) and ~10% (for the LED coated with diamond and PEDOT:PSS), obtained at an injection current of ~1 mA. In addition, both devices exhibit nearly Lambertion emission distributions ( Fig. 2c ). These results indicate that the diamond/PEDOT:PSS film placed on top of the blue LED does not greatly alter its emission characteristics, and the slight performance degradation (~20%) is in accordance with the optical transmission of the diamond and the PEDOT:PSS materials (>80%) 33, 41 .
Besides optical transparency, another prominent feature of the diamond film is its ultrahigh thermal conductivity. Even through the diamond film we apply here has a polycrystalline morphology, its thermal conductivity still reaches as high as 2200 W/m/K, almost 5 times higher than copper films and 3 orders of magnitude higher than organic coatings like SU-8 and PDMS 42 . Such a thermally conductive coating is advantageous for heat dissipation of LEDs operated in biological systems. In Fig while the result for the bare LED is more than 4 °C. Furthermore, it should be noted that for the microprobe implanted in biological tissues, the temperature rises, albeit more challenging to measure precisely, should be even lower than the results obtained in air, because of the additional heat dissipation capability of biological tissues and fluids. This benefit is particularly favorable for optogenetic probes implanted in the deep brain, since the mitigation of unwanted abnormal activities and possible tissue damaging by overheating is critical for neurons 43 .
Electrochemical characterization
Electrochemical properties of the PEDOT:PSS electrode for dopamine sensing are studied and presented in Fig. 3 . The detection of dopamine in aqueous solutions is based on its redox reaction, in which dopamine is oxidized and converted into dopamine-o-quinone on the electrode surface, generating electric currents 44 
Circuit design and evaluation
A customized circuit module is designed to wirelessly operate the implantable microprobe for integrated optoelectrochemical stimulation and sensing functionalities.
The circuit diagram is depicted in Fig. 4a , with detailed layout presented in the supplemental information. Remote data communication is realized with a micro controller (nRF24LE1) with a transceiver operated at 2.4 GHz. A driver chip (ZLED7012) provides a constant current to the micro-LED for optogenetic stimulation, with programmable current levels, frequencies, pulse widths, etc. A red LED is printed on the circuit outside the brain for signal indication. A digital-analog converter (DAC60508) and two pre-amplifiers (OPA2381 and ADA4505) are connected to the chemical electrodes (WE, RE and CE) for voltage scanning and current readout, achieving a resolution as low as 0.1 nA for current measurements. 
In vivo experiments
We further verify the performance of the wirelessly operated microprobe, with in vivo optogenetic stimulation and dopamine sensing in experimental mouse models. Fig. 5a and 5b, probes including micro-LEDs and PEDOT:PSS electrodes are implanted into the ventral tegmental area (VTA), which is the origin of dopaminergic cells and involves reward circuitry 50, 51 . A microprobe with a length of ~5 mm is implanted into the VTA of adult mice (DAT-Cre transgenic, 7-16 weeks)
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expressing ChR2. Fig. 5b shows a brain section with the lesion area created by the 
Conclusion
In summary, we report a wirelessly operated microprobe system for neural interrogation and neurotransmitter monitoring in the deep brain. We envision that these advanced strategies provide a promising route to tackle unresolved challenges in fundamental neuroscience and medical practices.
MATERIALS AND METHODS
Device fabrication
Micro-LEDs: Details for the micro-LED fabrication are described in the previous work 36 
